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fr) (54) Title: PASSBAND FLATTENING IN AN ARRAYED WAVEGUIDE GRATING 



(57) Abstract: An AWG having a passband flattening feature disposed between at least one of the input and output waveguides and 
^ an adjacent one of the first and second free space couplers in which the passband flattening feature comprises a non-adiabatic tapered 

waveguide which widens in width towards the respective free space coupler. The passband flattening feature merges smoothly with 
Q the or each input and output waveguide, and is shaped to minimize radiation losses and thus insertion loss of the device. In one 
^ embodiment, the passband flattening feature consists of an exponentially tapered waveguide followed by a phase shifting waveguide. 
^ In another embodiment the feature is a curvilinear waveguide having a shape defined by a perturbed cosine function. 
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PASSB AND FLATTENING IN AN ARRAYED WAVEGUIDE GRATING 
FIELD OF THE INVENTION 

The present invention relates to arrayed waveguide gratings (AWGs), and in particular to 
5 passband flattening in AWGs. More specifically, the invention concerns improved passband 
flattening features for AWGs. 

BACKGROUND ART 

AWGs are now well-known components in the optical communications network industry. 

10 An AWG is a planar structure comprising a number of array waveguides which together act 
like a diffraction grating in a spectrometer. AWGs can be used as multiplexers and as 
demultiplexers, and a single AWG design can commonly be used both as a multiplexer and 
demultiplexer. The construction and operation of such AWGs is well known in the art. See 
for example, "PHASAR-based WDM-Devices: Principles, Design and Applications", M K 

15 Smit, IEEE Journal of Selected Topics in Quantum Electronics Vol.2, No.2, June 1996, US 
5,002, 350 and W097/23969. 

A typical AWG mux/demux 1 is illustrated in Fig.l and comprises a substrate or "die" 1 
having provided thereon at least one substantially single mode input waveguide 2 for a 

20 multiplexed input signal, two slab couplers 3,4 (also sometimes referred to as "star 

couplers") connected to either end of an arrayed waveguide grating 5 consisting of an array 
of transmission waveguides 8, only some of which are shown, and a plurality of 
substantially single mode output waveguides 10 (only some shown) for outputting respective 
wavelength channel outputs from the second (output) slab coupler 4 to the edge 12 of the die 

25 1. In generally known manner, there is a constant predetermined optical path length 

difference between the lengths of adjacent waveguides 8 in the array (typically the physical 
length of the waveguides increases incrementally by the same amount from one waveguide 
to the next) which determines the position of the different wavelength output channels on 
the output face of the second slab coupler 4. Typically, the physical length of the 

30 waveguides increases incrementally by the same amount, AL, from one waveguide to the 
next, where 
AL = mXc/n c 
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where 7^ is the central wavelength of the grating, n c is the effective refractive index of the 
array waveguides, and m is an integer number. In known manner, the waveguides and slab 
couplers are typically formed as "cores" on a silicon substrate (an oxide layer is commonly 
provided on the substrate prior to depositing the waveguide materials) and are covered in a 
5 cladding material, this being done for example Flame Hydrolysis Deposition (FHD) or 
Chemical Vapour Deposition (CVD) fabrication processes. 

In the described AWGs, the passband (i.e. shape of the transmission spectrum T(l), which is 
a plot of dB Loss against Wavelength) for each output channel generally corresponds to the 

10 coupling of a Gaussian beam into a Gaussian waveguide, and is therefore itself Gaussian- 
shaped. In many situations it would be more desirable for the AWG to have a flat passband. 
This is generally because a Gaussian passband requires accurate control over emitted 
wavelengths, thus making it difficult to use in a system. Various ways of achieving a flat 
passband have been proposed, one way being to use "near field shaping". This involves 

15 creating a double-peaked mode field from the (single peak) input mode field. When this 
double-peaked field is convoluted with the single mode output waveguide, the resulting 
passband takes the form of a single, generally flat peak. 

One way of creating the necessary double-peaked field is to use an MMI (Multi-Mode 
20 Interferometer) on the end of the input waveguide, adjacent the first slab coupler, as shown . 
in Fig.2(a). The MMI creates higher order modes from the single mode input signal and 
these multiple modes give rise to a double-peaked field at the output of the MMI. 
US5,629,992(Amersfoort) describes this passband flattening technique in detail. 

25 An alternative technique is to use a parabolic-shaped taper or "horn" on the end of the input 
waveguide, as shown in Fig.2(b). This is described in JP 9297228A. The parabolic taper 
gives rise to continuous mode expansion (by excitation of higher order modes) of the input 
signal along the length of the taper, until both the fundamental and second order modes are 
present, thus forming a double-peaked field at the output end of the taper. 

30 

However, both the above-described techniques suffer from the disadvantage that the 
passband-flattening feature (namely the MMI or parabolic horn) create significant insertion 
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loss in the device. This is largely due to losses through radiation modes which are generated 
by discontinuities at the end of the single mode input waveguide, for example at the input 
edge of the MMI or parabolic horn. Also, the parabolic horn has its steepest taper angle in 
the narrowest part of the taper (the beginning), which can encourage radiation losses. 
5 Radiation losses also tend to increase crosstalk between the different wavelength channels of 
the AWG, which is highly undesirable. 

It is an aim of the present invention to avoid or minimize one or more of the foregoing 
disadvantages. 

10 

SUMMARY OF THE INVENTION 

According to a first aspect of the invention, there is provided an AWG device comprising: 
at least one substantially single-mode input waveguide optically coupled to a first free space 
coupler; 

15 a plurality of array waveguides optically coupled between the first free space coupler and a 
second free space coupler, the plurality of array waveguides having predetermined optical 
path length differences therebetween; 

a plurality of substantially single-mode output waveguides optically coupled to the second 
slab coupler; 

20 passband flattening means disposed between at least one of the substantially single mode 

input and output waveguides and an adjacent one of the first and second free space couplers, 
the passband flattening means comprising a non-adiabatic tapered waveguide which widens 
in width towards the respective free space coupler; 

wherein at least an initial portion of the non-adiabatic tapered waveguide, which initial 
25 portion is connected to said one of the substantially single mode input and output 

waveguides, has a taper angle which increases towards said respective free space coupler, 
and the non-adiabatic tapered waveguide merges substantially continuously with said one of 
the substantially single mode input and output waveguides, 

30 

By designing the passband flattening means to merge smoothly into the end of the single 
mode input or output waveguide, significant discontinuities in shape between the 
input/output waveguide and the passband flattening feature are avoided and thus radiation 
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losses are kept to a minimum. This is in direct contrast to the use of an MMI for passband 
flattening, as proposed in US 5,629,992, which relies on the discontinuity between the shape 
of the end of the MMI and the end of the single mode input waveguide connected thereto, to 
generate the second order mode. Also, by having a taper angle which increases towards the 
5 coupler, radiation losses are kept low. 

For the avoidance of doubt, all references to "modes" appearing hereinafter refer to guided 
modes (rather than radiation modes), unless otherwise described. 

10 Preferably, the non-adiabatic tapered waveguide is tapered gradually so as to gradually 
excite the second order mode. In a first embodiment, the non-adiabatic tapered waveguide 
comprises an exponentially tapered waveguide having a length sufficient to cause the second 
order mode to be excited therein. Preferably, the length of the exponentially tapered 
waveguide is long enough to ensure that power conversion from the fundamental mode to 

15 the second order mode (where the passband flattening means is provided on the input side of 
the AWG) is in the range of 5-20%, typically 5-10%. The exponentially tapered waveguide 
may advantageously be immediately followed by a phase shifting waveguide coupled 
directly between the respective free space coupler and the exponentially tapered waveguide, 
the phase shifting waveguide being configured to achieve a predetermined desired phase 

20 difference between the fundamental and second order modes at the widest end of the 

passband flattening means (i.e. at the respective free space coupler). In one embodiment, the 
phase shifting waveguide is in the form of a substantially straight waveguide having a width 
equaito the width of the widest end of the exponentially tapered waveguide and having a 
length chosen to ensure that the phase difference between the fundamental and second order 

25 modes is approximately equal to, most preferably substantially equal to, N x tc, where N is 
an integer greater than or equal to one. This phase condition reduces chromatic dispersion 
(CD) and differential group delay (DGD). In possible alternative embodiments, the phase 
shifter waveguide way take modified shapes such as, for example, a linearly tapered 
waveguide, or a convexly or concavely curved shape, for example based on a cosine or 

30 inverted cosine curve. 
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In a further embodiment the shape of opposing tapered sides of the non-adiabatic tapered 
waveguide are each based on a cosine curve. The cosine curve may have a predetermined 
perturbation introduced therein to increase power conversion from the fundamental to the 
second order mode in the passband flattening means. For example, in a described 
5 embodiment the shape of the waveguide is a function of a perturbation factor, p, which 
controls the shape of a portion of the tapered waveguide. The perturbation factor p may be 
chosen so as to achieve a desired degree of power conversion between the fundamental and 
the second order mode in the tapered waveguide, for example in the range of 5-20% 
conversion. The length of the tapered waveguide, between the respective free space coupler 
10 and the first end of the respective input or output waveguide is preferably chosen to ensure 
that the phase difference between the fundamental and second order modes, at the respective 
free space coupler, is approximately equal to, most preferably substantially equal to, N x 7c, 
where N is an integer number. 

15 Where the AWG device has more than one input waveguide, a substantially identical 
passband flattening means is preferably provided for each input waveguide. Where the 
passband flattening means is disposed between an output waveguide and the second coupler, 
a said passband flattening means is preferably provided for each output waveguide. 

20 Preferred embodiments of the invention will now be described by way of example only and 
with reference to the accompanying drawings in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig.l is a schematic plan view of a conventional AWG; 
25 Figs.2(a)and (b) illustrate in plan view two prior art passband flattening features which can 
be used in the AWG of Fig.l ; 

Fig.3 is a schematic plan view of an AWG according to a first embodiment of the invention; 
Fig.4 is a magnified view of the ringed portion A of Fig.3(a), illustrating in detail a new 
passband flattening feature in the AWG device of Fig.3 (a); 
30 Figs 5(a) illustrates a modified version of the phase shifter section of the embodiment of 
Fig.3(b); 
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Fig.5(b) illustrates a possible embodiment of the invention incorporating the alternative 

phase shifter section of Fig.5(a) in an AWG having multiple input waveguides, and also 

illustrating tapered output waveguides of the AWG; 

Figs 6(a) illustrates another possible modified version of the phase shifter section of the 
5 embodiment of Fig.3 ; 

Fig.6 illustrates another possible embodiment of the invention incorporating another 
possible modified version of the phase shifter section of Fig.3(b), in an AWG having 
multiple input waveguides, and also illustrating adiabatically tapered output waveguides of 
the AWG; 

10 Fig.7 is a graph illustrating the passband PBF1 A of an output channel of a fabricated 

prototype AWG incorporating the passband flattening feature shown in Fig.6, on every input 
waveguide, and adiabatically tapered output waveguides as shown in Fig.6, and also the 
passband Ga for the same output channel in an AWG which has only adiabatic tapers on the 
input and output waveguides; 

15 Fig. 8 is a schematic plan view of an AWG according to a second embodiment of the 
invention; 

Fig.9(a) to (c) illustrate the modified shape of the perturbed cosine shaped passband 
flattening feature of the AWG of Fig.6, obtained when three different shape factors, p, are 
used to perturb the cosine shape; 
20 Fig. 10 illustrates the most preferred shape of the perturbed cosine waveguide which is 
achieved using a shape factor p=0.8; 

Fig. 11 is a graph illustrating the output channel passband of a fabricated prototype AWG 
incorporating the passband flattening feature shown in Fig. 10(b), on every input waveguide, 
and adiabatically tapered output waveguides, and also the passband for the same output 

25 channel in an AWG which has only adiabatic tapers on the input and output waveguides; 
Fig. 12 is a schematic plan view of an AWG according to another embodiment. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
To flatten the passband of an AWG of the type illustrated in Fig.l, a non-adiabatic taper can 
be used on the end of each input waveguide, between the input waveguide 2 and the first 

30 slab coupler 3. Fig. 3(a) shows in plan view an AWG device 20 according to a first 
embodiment of the invention. Like components to those in Fig. 1 are referenced by like 
numerals. For clarity, only some of the array waveguides 8 and output waveguides 10 are 
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shown. Two input waveguides 21,22 are shown, but in practice there could be more if 
desired. A passband flattening feature 30 is disposed on an output end 23 of each single 
mode input waveguide 21,22, optically coupling the input waveguide 22 to the first slab 
waveguide. The design of the passband flattening feature 30 used on each input waveguide 
5 is shown in detail in Fig.3(b). The feature consists of an exponential taper section 32 

immediately followed by a straight waveguide section 34 which is of the same width w out as 
the end of the exponential taper section 32. The taper is defined by the following equations: 



10 



15 



z(t) = Lt 
* = 0..1 



ln(^-)r 



where L is the length of the taper section, w(t) is the width along the propagation direction, 
z(t) is the length along the propagation direction, and w in and w ou tare the widths of the input 
and output ends respectively of the taper section. The exponential section 32 gradually 
excites the second order mode. The length LI of the taper section 32 is chosen to be long 
enough to achieve a desired degree of power conversion from the fundamental mode (of the 
single-mode input waveguide 22) to the second order mode in the range of 5-20%, typically 
5-10% conversion. 



The purpose of the phase shifter will become clear from the following discussion relating to 
20 chromatic dispersion. This topic is also fully discussed in our pending UK patent application 
filed on 11 th June 2001 in the names of Kymata Limited and BB V Software BV (application 
number not yet known), and entitled "Arrayed Waveguide Grating with Reduced Chromatic 
Dispersion", the entire contents of which is hereby incorporated herein by reference. 

25 The Differential Group Delay Ar c of a filter device is related with its Chromatic Dispersion 
D c and its split SA : 



30 



where the split 8A 
polarizations. 



= difference in passband center wavelength between the TE and TM 
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The Group Delay T group and Chromatic Dispersion of an AWG device is calculated from the 
phase © of its response: 

= J_ d® 
Tsroup In' df' 

dr / 

The chromatic dispersion, D c = sn y^ > follows as: 
2nc df 2 

In order to minimize chromatic dispersion we use the phase shifter section 34 to design the 
phase difference Aq> between the fundamental and second order modes at the end of the 
phase shifter section 34, where they enter the input face 35 of the first slab coupler 3, to be: 
10 A(p=N7t 

Where N is an integer. In the embodiment of Figs. 3(a) and (b) we have designed the length 
of the phase shifter 34 so that the phase difference A9=2rc, whereby the two modes are 
effectively in phase. This is done by first optimizing the length LI of the exponential taper 
section 32 to give the desired degree of mode conversion, typically in the range of 5-20%, 

15 for example about 7%. Next, the phase between the 0 th and 2 nd order modes at the end of the 
exponential taper is calculated using, for example, BPM simulation. Finally, the length L2 of 
the phase shifter 34 is which is necessary to achieve the desired phase difference A(p=27t at 
the output end of the phase shifter is calculated. Again, this can be done from BPM 
simulations of the structure, or alternatively the theory of MMIs proposed by Soldano in 

20 Optical Multi-Mode Interference Devices Based on Self-Imaging .'Principles and 

Applications, by L. Soldano and E.Pennings, Journal of Lightwave Technology, pp6 15-627, 
1995, may be employed to facilitate this calculation. This is described further in the pending 
UK patent application filed on 1 1 th June 2001 in the names of Kymata Limited and BBV 
Software BV (application number not yet known), and entitled "Arrayed Waveguide Grating 

25 with Reduced Chromatic Dispersion", the content of which is already incorporated herein by 
reference, as mentioned above. 



30 



It will be appreciated that the exact phase difference A(p at the end of the passband flattening 
structure may in practice vary from the desired value of 2n due to, for example fabrication 
defects or other variations in the actual device structure from the design structure on which 
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the simulations were based. However, as long as the actual phase difference is 
approximately Nrc, where N is an integer number, the CD should still be relatively low, the 
invention thus providing some benefit. 

5 As is generally understood in the art, the convolution of the double-peak field entering the 
input face 35 of the first slab coupler 3 from the output end of the passband flattening 
feature 30 with the fundamental mode of any of the single mode output waveguides 10 will 
produce a generally flat passband (i.e. spectral response) of the respective wavelength 
channel of the AWG output. Our simulations show the passband flattening feature 30 does 

10 produce the desired generally flat passband, but we have noted that there is a slight "ripple" 
present in the flattened peak of the response. This ripple effect can be substantially removed 
by introducing an taper 38 on the end of each output waveguide 10 where it is coupled to the 
second slab coupler 4 (see Fig.3(a)), so that the output waveguides 10 each widen towards 
the second slab coupler 4. (These tapers and the passband flattening features 30 are much 

15 magnified in scale in Fig.3(a) as compared to the rest of the features of the AWG, for 
illustrative purposes). This taper 38 is a linear adiabatic taper, with the taper widening 
towards the second slab coupler 4. We define an adiabatic taper as one in which the total 
power conversion to higher order guided modes (above the fundamental mode) and radiation 
modes is below -35dB . 

20 

It is worth noting that where there is more than one input waveguide, it is advantageous for 
every input waveguide to be provided with an identical passband flattening (PBF) feature 
30, whereby each PBF feature is flanked on one or both sides by at least one identical PBF 
feature. We believe this will further reduce radiation effects (the neighbours modify the 
25 radiation mode spectrum). Thus is can also be advantageous to put an extra PBF on each 
side of the input waveguide array, with no input waveguide attached, just to so every PBF 
feature is flanked on both sides by an identical PBF feature. 

Modified versions of the phase shifter 34 are also possible. For example instead of being a 
30 parallel-sided waveguide, the edges of the phase shifter (in plan view) may be curved. 

Fig.5(a) illustrates a passband flattening structure in which the opposing sides of the phase 
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10 

shifter 40 are defined by a cosine shape. The cosine-shaped phase shifter 40 is defined by 
the following equations: 
z(t) = Lt 



w(t) = (w in + Aw) cos 
f = 0..1 
5 in case Aw>0 and 
z{t) = U 

w(t) = 2w in - (w in - Aw) cos 
f = 0..1 
in case Aw<0, and 

where acos is an abbreviation of arccos 



(2f-l)acos( — ^ — ) 
w in + Aw 



(2r-l)acos(^^ — ) 
w,„ -Aw 



Fig.5(b) illustrates three input waveguides of an AWG with such a structure, at the input 
focal plane 35 of the first slab coupler 3, and also showing the output focal plane 39 of the 

15 second slab coupler 4, and three output waveguides 10 each with the adiabatic linear taper 
structure 38 for reducing ripple. The cosine shape may be advantageous over the parallel- 
sided phase shifter of Fig.3(b) as it provides a more continuous join between the exponential 
taper section and the phase shifter, therefore reducing radiation losses at this join. 
However, the structure of Fig.6(a) may in practice give rise to increased crosstalk between 

20 adjacent wavelength channels. 

Fig.6 illustrates a modified version of the Fig.5(b) embodiment, in which the phase shifter 
40' this time has an inverted cosine shape (defined by the same equations, but inversely 
shaped). This structure avoids any adjacent crosstalk as compared with the phase shifter 

25 structure of Fig.6(a). Fig.7 is a plot of output channel passband (graph PBFIa) of the AWG 
illustrated by Fig.6, plotted from practical results obtained from a fabricated prototype 
device of this design, and also showing the generally Gaussian passband (graph Ga), 
obtained for a similar AWG which does not incorporate this passband flattening feature, but 
was fabricated only with adiabatic linear tapers on the ends of the input and output 

30 waveguides coupled to the slab couplers 3,4. 
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Kg. 8 shows an alternative embodiment of the invention. Again, like parts are referenced by 
like reference numerals. In this alternative embodiment the passband flattening feature is in 
the form of a tapered waveguide 40 having a curvilinear shape in the form of a perturbed 
cosine function defined by the following equations: 

w(0 = w in + - cos(2^r)] 



z(t) = L 
t = [0A] 



t+—sm(2m) 
In 



where L is the length of the taper section; 
w(t) is the width along the propagation direction; 
10 z(t) is the length along the propagation direction; 

Win and Wout are the widths of the input and output ends respectively of the taper section; and 
p is a shape factor, which preferably has a value between 0 and 1 for passband flattening, 
and which basically controls the slope in the middle (z=0.5L) of the taper (values of p 
greater than 1 are also possible, though less preferred). 

15 

For a given w^ and w ou t 5 the free parameters in the taper shape are therefore L and p. For 
different p values, the taper shape changes. This is illustrated in Figs. 9(a) to (c) which show 
the taper shape for p=0, p=0.5 and p=l respectively. 

20 In the present embodiment the length L of the taper has in practice a predetermined fixed 
value necessary to achieve a desired phase relation between the fundamental and second 
order modes at the taper output 42, as described below, and so in practice the only remaining 
variable is p. In our preferred design, we choose a shape value of p=0.8, which gives the 
taper shape shown in Fig. 10. Our BPM simulations show that this taper shape should 

25 achieve in the range of 5-20% power conversion, typically about 7%, from the fundamental 
to the second order mode. 



As explained above with reference to the Fig.3(a),(b) design, in order to minimize chromatic 
dispersion and DGD it is desirable to design the overall length L of the passband flattening 
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structure to try and ensure that the phase difference A(p between the fundamental and second 
order modes at the end of the passband flattening feature, where they enter the input face 35 
of the first slab coupler 3, is: 
Acp = Ntc, where N is an integer. 
5 The required length L to achieve (or at least substantially achieve) this phase condition is 
calculated using BPM simulations of the passband flattening structure. In our preferred 
design, the value of w ou t is I6\im 9 Wj n is 6|tun 5 and the length of the taper is L=347jtm. Again, 
in practice as long as the actual phase difference is approximately Ntc, where N is an integer, 
the benefit of the invention will be achieved to at least some extent, 

10 

As in the Fig.4 embodiment, our simulations show that while the passband flattening feature 
40 of Fig. 10 produces the desired generally flat passband response, there is a slight "ripple" 
in the peak of the flattened response. Again, this ripple effect is substantially removed by 
introducing an adiabatic linear taper 38 on the end of each output waveguide 10 where it is 
15 coupled to the output face of the second slab coupler 4, as illustrated in Fig. 5(b) and Fig.6, 
the taper widening towards the second slab coupler 4. 

A significant feature of the perturbed cosine tapered waveguide shape is that at the 
beginning of the taper, where the taper merges into the output end of the single mode input 

20 waveguide, the taper angle is kept low by virtue of the generally cosine curve shape of the 
taper at the beginning. This keeps radiation losses to a minimum. (For the avoidance of 
doubt, the taper angle is defined as the angle of the tapered sides of the waveguide relative 
to the propagation direction in the waveguide. In the illustrated embodiments, where the 
waveguides have a generally symmetrical structure, the propagation direction is along the 

25 axis of the 

waveguides.) The taper angle gradually increases towards the slab coupler until after the 
perturbation introduced by the factor p. 

Fig. 11 is a plot of the measured passband (PBF2a) of a prototype fabricated AWG device 
30 with the passband flattening feature 40 of Fig. 10 on the input waveguides, and having the 
output waveguide tapers 38, and also showing the generally Gaussian passband (graph Ga) 
obtained for a similar AWG which does not incorporate this passband flattening feature, but 
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was fabricated only with adiabatic tapers on the ends of the input and output waveguides 
coupled to the slab couplers 3,4. 

It will be appreciated that in the embodiments of Figs. 3(b), 5(b), 6, 8, 9 and 10 the passband 
5 flattening feature merges continuously with the end 23 of the single mode input waveguide 
22, by virtue of the smoothly tapering shape of the beginning of the exponentially tapered or 
perturbed cosine tapered waveguide shape. Thus discontinuities between the input 
waveguide and the passband flattening feature which would cause radiation losses (and thus 
lead to increased insertion loss in the AWG) are substantially avoided. 

10 

For the avoidance of doubt, it is not essential that the input waveguide be a single mode 
waveguide having the same width along its entire length, right up to where it is connected to 
the passband flattening feature. For example the input waveguide may be a single mode 
waveguide which is be adiabatically tapered (for example has a linear adiabatic taper) at its 
15 end 23 which is connected to the passband flattening feature, so as to widen towards the 
passband flattening feature. Such an input waveguide is still considered to be a substantially 
single mode waveguide. In such embodiments this adiabatically tapered end of the input 
waveguide is still arranged to merge substantially continuously into the non-adiabatic 
tapered waveguide forming the passband flattening feature. 

20 

In all of the above-described embodiments, where reference is made to input waveguides 
and output waveguides, it will be appreciated that these terms are used in relation to when 
the AWG is used as a demultiplexer. However, it will be understood that the same AWG 
could equally well be used as a multiplexer, in which case the terms input and output should 
25 be interchanged, as optical signals are then travelling through the AWG in the opposite 

direction. For the avoidance of doubt it will thus be understood that the wording "input" and 
"output" is not intended to be limiting, the attached claims being intended to cover an AWG 
which is used as a demultiplexer or as a multiplexer. 

30 It will be appreciated that other modifications and variations are possible without departing 
from the scope of the invention. For example, it is expressly intended that all combinations 
of those elements and/or method steps which perform substantially the same function in 
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substantially the same way to achieve the same results are within the scope of the invention. 
. For example, a passband flattening feature according to Figs. 4 or 10 could instead be 
disposed between each output waveguide 10 and the second slab coupler 4, instead of 
between the input waveguide and the input slab coupler 3, to achieve the desired passband 
5 flattening. The widest end of the passband flattening feature would be connected to the 

output face of the output slab coupler 4, and the thinnest end would merge smoothly into the 
substantially single mode output waveguide 10. Adiabatic tapers may then be provided on 
the ends of the input waveguides which are coupled to the first slab coupler, if desired, so 
that the input waveguides widen towards the first slab coupler. In alternative embodiments 

10 there may be no input waveguides. Instead, the first slab coupler may be arranged at the 

edge of the die 1 whereby an input optical fibre 30 may be coupled directly to the input face 
21 of the slab coupler, as shown in Fig. 12. The convolution of the double-peak field 
produced by the passband flattening features 28 at the output side of the device, with the 
fundamental mode of the output optical fibres 32 which would be coupled to the output edge 

15 12 of the die 1 to receive the output channel signals from the output waveguides 10, 
produces the required flattened passband. 

Also, in another possibility an identical passband flattening feature 30,40 may be provided 
between both the input slab coupler and each input waveguide and between the output slab 
20 coupler and each output waveguide 10. (These need not necessarily be of identical size on 
both the input and output sides. In fact, making them a different size will allow a greater 
degree of design freedom.) 

Where the non-adiabatic tapers for passband flattening are provided on the output side of the 
25 array, the width of each non-adiabatic tapered waveguide, where it is coupled to the second 
slab coupler, need not be identical from one output waveguide to the next. For example, the 
widths may in fact increase generally linearly, from the lowest frequency channel to the 
highest frequency channel 40, in order to improve uniformity in the adjacent crosstalk, 
passband shape, or another perfoimance parameter of the AWG, as described in detail in our 
30 pending UK patent application No. 0106014.4 (in which we "chirp 11 the widths of the output 
waveguides at the output slab coupler). 
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CLAIMS 

1. An arrayed waveguide grating (AWG) device comprising: 

at least one substantially single-mode input waveguide optically coupled to a first free space 
5 coupler; 

a plurality of array waveguides optically coupled between the first free space coupler and a 
second free space coupler, the plurality of array waveguides having predetermined optical 
path length differences therebetween; 

a plurality of substantially single-mode output waveguides optically coupled to the second 
10 slab coupler; 

passband flattening means disposed between at least one of the substantially single mode 
input and output waveguides and an adjacent one of the first and second free space couplers, 
the passband flattening means comprising a non-adiabatic tapered waveguide which widens 
in width towards the respective free space coupler; 
15 wherein at least an initial portion of the non-adiabatic tapered waveguide, which initial 
portion is connected to said one of the substantially single mode input and output 
waveguides, has a taper angle which increases towards said respective free space coupler, 
and the non-adiabatic tapered waveguide merges substantially continuously with said one of 
the substantially single mode input and output waveguides. 

20 

2. An AWG device according to claim 1, wherein the non-adiabatic tapered waveguide is 
tapered gradually so as to gradually excite the second order mode. 

3. An AWG device according to claim 1 or claim 2, wherein the tapered waveguide 

25 comprises an exponentially tapered waveguide having a length sufficient to cause a second 
order mode to be excited therein. 

4. An AWG device according to claim 3, wherein the length of the exponentially tapered 
waveguide is sufficiently long to ensure that power conversion between the fundamental 

30 mode and the second order mode is in the range of 5 to 2Q%. 
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5. An AWG device according to claim 3, wherein the length of the exponentially tapered 
waveguide is sufficiently long to ensure that power conversion between the fundamental 
mode and the second order mode is in the range of approximately 5 to 10%. 

5 6. An AWG device according to any of claims 2 to 5, wherein the passband flattening means 
further includes a phase shifting waveguide coupled directly between the first free space 
coupler and the exponentially tapered waveguide, the phase shifting waveguide being 
configured to achieve a predetermined desired phase difference between the fundamental 
and second order modes at the widest end of the passband flattening means. 

10 

7. An AWG device according to claim 6, wherein the phase shifting waveguide is in the 
form of a substantially straight waveguide having a length chosen to ensure that the phase 
difference between the fundamental and second order modes at the respective free space 
coupler is approximately N x 7t, where N is an integer number. 

15 

8. An AWG device according to claim 6, wherein the phase shifting waveguide is a linearly 
tapered waveguide. 

9. An AWG device according to claim 6, wherein the phase shifting waveguide has a 
20 curvilinear shape based on a cosine curve. • 

10. An AWG device according to claim 6, wherein the phase shifting waveguide has a 
curvilinear shape based on an inverted cosine curve. 

25 1 1. An AWG device according to claim 1 or claim 2, wherein opposing tapered sides of the 
tapered waveguide have a shape based on a cosine curve. 



30 



12. An AWG device according to claim 1 1, wherein the tapered shape comprises a cosine 
curve having a predetermined perturbation introduced therein to increase power conversion 
in the passband flattening means between the fundamental and second order modes. 
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13, An AWG device according to claim 1, wherein the tapered waveguide has a curvilinear 
shape defined by the following equations: 



z(t) = L 
f = [0..l] 



f + — sin(2^r) 
In 



where L is the length of the tapered waveguide; 
w(t) is the width along the propagation direction; 
z(t) is the length along the propagation direction; 

win and w 0 ut are the widths of input and output ends respectively of the tapered waveguide; 
and p is a shape factor. 

14. An AWG according to claim 13, wherein p has a value in the range of 0<p<l. 



15. An AWG device according to any preceding claim, wherein the length (L) of the tapered 
waveguide, between the respective said free space coupler and a first end of said at least one 

15 of the input and output waveguides which is connected to the tapered waveguide, is chosen 
so that the phase difference Aq> between the fundamental and second order modes, at the 
respective free space coupler, is approximately equal to N x n;, where N is an integer. 

16. An AWG device according to any preceding claim, wherein said passband flattening 

20 means is disposed between the first free space coupler ; and said at least one input waveguide. 

17. An AWG according to claim 16, wherein a plurality of input waveguides are provided 
and a substantially identical said passband flattening means is provided for each input 
waveguide. 



18. An AWG device according to claim 17, wherein an adiabatic taper is provided at the end 
of each output waveguide optically coupled to the second free. space coupler, such that the 
output waveguide widens towards the second free space coupler. 



L 
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19. An AWG device according to claim 16, wherein passband flattening means is also 
disposed between the second free space coupler and at least one output waveguide. 

20. An AWG device according to any of claims 1 to 15, wherein a substantially identical 

5 said passband flattening means is disposed between the second free space coupler and each 
said output waveguide. 

21. An AWG device according to claim 20, wherein an adiabatic taper is provided at the end 
of each input waveguide optically coupled to the first free space coupler, such that the input 

10 waveguide widens towards the first free space coupler. 

22. An AWG device comprising: 

a plurality of array waveguides optically coupled between a first free space coupler and a 
second free space coupler, the plurality of array waveguides having predetermined optical 

15 path length differences therebetween; 

a plurality of output waveguides optically coupled to the second slab coupler; 
passband flattening means disposed between each said substantially single mode output 
waveguide and the second free space coupler, each said passband flattening means 
comprising a non-adiabatic tapered waveguide which widens in width towards the second 

20 free space coupler; 

wherein at least an initial portion of the non-adiabatic tapered waveguide, which initial 
portion is connected to the respective substantially single mode output waveguide, has a 
taper angle which increases towards the second free space coupler, and the non-adiabatic 
tapered waveguide merges substantially continuously with said respective substantially 

25 single mode output waveguide. 

23. An AWG device substantially as described herein and with reference to Figs.3 and 4. 

24. An AWG device substantially as described herein and with reference to Figs.5(a) and 
30 (b). 

25. An AWG device substantially as described herein and with reference to Fig.6. 
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26. An AWG device substantially as described herein and with reference to Figs. 8 and 10. 
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